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PJ.:  Dennis  G.  Deppe 


The  research  performed  under  this  contract  centers  around  the  study  and 
develqpmeat  of  semicoiiducttn:  microcavity  lasers  in  ^e  GaAs/AlGaAsAnGaAs  material 
system.  In  addition,  theoretical  modeling  is  developed  to  study  the  influence  of  small 
cavities  on  laser  perfonnanoe.  In  the  course  of  tiiis  woik  we  have  developed  and  studied 
bistable  vertical-cavity  surface-emitting  lasers  (VCSELs)  [1,5,6  of  publications  below], 
fabrication  processes  to  realize  low-threshold  microcavity  lasers  [14,19,20],  and  detailed 
modeling  describing  the  influence  which  the  semiconductOT  microcavity  exerts  over  the 
spcmtaneous  emissitm  and  lasing  characteristics  [2-4,7-13,15-17].  I  believe  that  our  best 
and  most  interesting  results  have  been  achteved  in  our  last  year  of  funding.  Since  they 
build  heavily  cm  our  earlier  two  years  of  research  I  vdll  focus  this  final  report  <m  these 
results  achie^  in  die  final  year. 

Beouise  of  the  VCSEL's  vertical  geo^try,  it  ^jpeais  ideally  suited  for  plications 
invtdving  hig^-ped  integrated  optodectronks.  There  ate  important  features  unique  to  the 
VCSEL  as  coopted  to  other  fonns  of  senticooductor  lasers.  The  very  short  cav^  length 
(several  epical  wavelengths  long)  selects  a  sin^  Icmgitudinal  mode,  a^  die  votical  cavity 
allows  wafer  scale  testing  and  easy  monolitiuc  integration  with  mher  devices.  Also,  dm 
vertical  cavity  gives  die  potential  to  minimize  bmfa  the  optical  mode  volume  as  well  as  die 
gain  volume,  lliis  atnlity  to  minimize  die  acthte  vdume  ctf  die  suggests  diat  when 

optimized,  this  device  structure  will  provide  the  lowest  threshold  current  of  any 
senucondoctor  laser.  A  reascmable  estimate  d  &e  addevable  imninmim  thrediold  current 

f(X  a  single  2pm  diameter  lasing  spot  is  -lOpA  (cniient  density  of  -'300A/cn]^).  Such  low 
threshold  currents  point  to  the  potential  inqiact  whidi  die  VCSEL  can  malre  in  complex 
epoeteemome  cixcuitcy  requiting  a  hip  degree  of  optical  functionality,  and  to  die  use  of  the 
VeSEL  in  battery  dth^  qiplkstions. 


Our  research  has  soopt  to  malm  such  low  values  of  threshold  currents  a  reality 
throup  studies  of  the  cavity  influence  on  lasing  in  such  microcavities,  and  in  the 
development  of  rravel  processing  teduiiques  to  effidendy  punm  such  small  laser  structures. 
The  cavity  muiots  play  a  central  role  in  the  VCSEL  in  dining  the  lasing  mode  both 
spectrally  and  transvetaely,  which  is  different  than  die  longer  edge-emitting  lasers.  Both 
our  experimental  and  thecnetical  sradies  show  the  imTOrtance  of  high  ctmtrast  Bragg 
reflecton  in  reducing  the  lasing  threshojd  of  planar  VCSELs  due  to  lateral  optical  mode 
confinemrat  [18,20].  In  direct  cotrpuistm  of  photopunped  Fabry-Pmxit  imcrocavities 
having  ddier  low  ctmtrast  AlAs/GaAs  DBRs  or  the  mgher  ctmtrast  2^Sc/CaF  DBRs  we 
show  that  die  Mper  ctmtrast  ZnSe/CaF  materials  allow  for  significant  reductiem  of  lasing 
doeshold  (greater  dian  a  ftetor  of  ten)  over  die  same  range  of  active  region  dimensiems  in 
which  dte  dneshold  remains  fixed  for  the  AlAs/GaAs  DBRs  [18].  We  have  studied  the 
important  rede  ^  die  cavity  reflectors  in  setting  the  transverse  mo^  dieoretically  also,  by 
developing  the  dwory  of  the  self-coQdstent  larag  modes  in  planar  microcavities  dire^y 
fiom  Maxwell's  eqnittitms.  Our  theoretical  wo^  has  also  focused  on  a  fully  quantum 
mechanical  theory  of  the  lating  characteristics  miciocavities.  A  main  empluteis  of  this 
work  is  in  understanding  how  die  small  cavity  affects  both  die  spontaneous  endsmon  rate 
and  the  stimnlated  ransmem  rate  into  die  lasing  mode,  and  we  now  have  the  quantum  theory 
for  spontaneous  emission  into  the  lasing  we  believe  fiiUy  calculated.  Our  recent  yet 
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unpublished  theoretical  effort  in  understanding  both  the  stimulated  emission  dq>endence 
and  the  lasing  mode  photon  lifetime  dependence  of  the  cavity  have  recently  met  with 
success  also,  and  we  hope  to  publish  the  quantum  tiieory  of  such  laser  stmctures  in  this 
summer  of  1994. 

In  the  course  of  the  three  yeara  of  ejmerimental  woik  on  cunent  driven  VCSELs  we 
have  made  several  demonstrations  of  VCS&L  p^onnance  improvements  which  play  an 
important  role  in  our  most  recent  woik.  One  significant  achievement  is  the  development  of 
the  ZnSc/CaF  mirror  ^tem.  This  allows  us  great  flexibility  is  designing  the  VCSEL  for 
low  threshold  operation.  Recently  we  have  combined  this  mirror  system  with  a  new 
process  for  current  confinement  in  a  VCSEL  [20].  The  current  confinement  is  based  on  a 
novel  native  oxide  process  developed  at  the  University  of  Illinois  in  the  group  of  Prof.  N. 
Holonyak.  In  this  process  high  A1  composition  AlGaAs  is  converted  to  a  native  AlxOy 
using  a  "wet”  oxidation  process.  The  oxidation  is  performed  in  the  4S0*’C  to  SOO^C 
temperature  range,  and  proceeds  selectively  in  the  AlGaAs  relative  to  GaAs.  That  is,  only 
the  AlGaAs  is  oxidized,  while  the  GaAs  remains  intact  We  use  tiie  process  to  form  a 
novel  buried  onde  ring  contact  to  the  VCSEL.  Based  on  this  native  oxide  process,  we 
have  recently  denaonstrated  VCSELs  with  continuous  wave  room  temperature  threshold 

currents  of  22S[iA  cm  8pm  square  active  region  devices.  To  our  knowledge  this  is  the 
lowest  threshold  current  yet  achieved  anywhere  on  a  VCSEL.  We  have  also  demonstrated 
smaller  device  active  regions  of  4  and  2pm,  but  these  have  shown  some  increase  in  leakage 
currents,  and  accordingly  higher  thresholds.  our  tiieoretical  and  eiqpetimental  studies 

on  transverse  modes  in  planar  nucrocavities,  it  would  appear  that  2pm  diameter  active 
regions  should  provide  adequate  optical  confinement  so  tnat  threshold  currents  could  scale 

with  device  area.  Based  on  the  225pA  for  the  8pm  devices,  a  threshold  current  of  14pA 
may  be  speculated  for  a  2pm  device. 

Our  future  studies  will  be  in  studying  the  lasing  modes  in  semiconductor 
nucrocavities,  bodi  dieoretically  and  experimentally.  We  e}q)ect  die  native  oxide  processing 
we  have  denxmstrated  to  play  a  central  role  in  the  experiments.  We  will  continue  to  focus 
on  the  important  role  of  tite  Bragg  reflecting  minors,  and  ways  to  further  increase  contrast 
ratios  over  diat  presently  used. 
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Bureau  ofEnptuering  Research 


June  9, 1994 


Defense  Technical  Infbnnadai  Center 
Building  5,  Cameron  Stadcm 
Alexandria,  Virginia  22304-6145 

Dear  Sir, 

Please  find  enclosed  the  reporting  infcHmation  for  the  ONR  contract  No.  N00014- 
91-J-19S2.  Enclosed  is  a  letter  repot  and  publication  report  for  the  period  of  May  31, 
1991  through  June  1, 1994  and  a  latest  pre{ffmt  to  be  published  in  Applied  Physics  Letters 
in  July  of  1994  describing  our  latest  experimental  results  on  semiconductor  vertical-cavity 
lasers.  Also  included  is  a  repot  for  the  last  year  of  funding  from  May  31, 1993  through 
June  1, 1994.  If  I  can  supply  more  infomation  on  the  work  perfomed  under  this  contract 
please  let  me  know.  The  ONR  support  of  our  work  in  this  time  period  has  been  crucial  to 
our  accorg)lishments  in  the  area  of  semicoulucto  lasers. 


Best  regards,  ^ 
DennisDq^  / 
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R&T  Number: 

Contract  /  Grant  Number:  N0001 4-91 -J-1 952 

Contract  /  Grant  Title:  Bistable  Vertical-Cavity  Surface-Emitting  Laser 

Structures  on  GaAs  and  Si  Substrates 
Principal  Investigator:  Prof.  Dennis  G.  Deppe 
Mailing  Address:  Prof.  D.G.  Deppe 

Microelectronics  Research  Center 
The  University  of  Texas  at  Austin 
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a.  Number  of  Papers  Submitted  to  Refereed  Journals  but  not  yet  published:  Z. 

b.  Number  of  Papers  Published  in  Refereed  Journals:  Ifi 
(Hst  attached) 

a  Number  of  Books  or  Chapters  Submftted  but  not  yet  Published:  g 

d.  Number  of  Books  or  Chapters  Published:  & 

e.  Number  of  Printed  Technical  Report  &Non-Refereed  Papers:!) 

f.  Numberof  Patents  Filed: 

g.  Number  of  Patents  Granted:  g 

h.  Numberof  Invited  Presentations  at  Workshops  or  Prof.  Society  Meetings:  2 

L  Number  of  Presentations  at  Workshops  or  Prof.  Society  Meetings:  2 

j.  Honors  /  Awards  /  Prizes  for  Contract  /  Grant  Employees:  D.G.  Deppe  - 
Robert  and  Jane  MRcheH  Endowed  Faculty  Fellowship  In  Engineering 
The  University  of  Texas  at  Austin  - 1992  /1994 


k. 


Total  number  of  Graduate  Students  and  Post-Docs  Supported  at  least  25%  on  this  contract 
grant: 

Graduate  Students  A  (50%)  and  Post  Docs  2 

[  Grad  Student  Female  1 

[  Grad  Student  Minority  2 

[  Grsfo  Student  Asian  e/n  Z 

[  Post-Doc  Female  2 

[  Post-Doc  Minority  2 

[  Post-Doc  Asian  e/n  2 
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1 .  DJL  Huffaker,  WJ>.  Lee,  D.G.  Dqme,  C  Lei,  TJ.  Rogers,  J.C.  Campbell,  and 
B.G.  Streetman,  "Optical  Memory  Uimg  a  Vertical-Cavity  Surface-Emitting  Laser." 
IEEE  Photon.  Tech.  Lett  3, 106^1066  (December,  1991). 

2.  D.G.  Deppe  and  C  Lei,  "Spontaneous  Emisaon  and  Optical  Gain  in  a  Fabry-Perot 
Microcavity,"  Appl.  Phys.  Lett  60, 527-529  (3  Febru^,  1992). 

3.  D.G.  Deppe  and  C.  Ld,  ’’Electrodynamics  and  Controlled  Spcmtaneous  Emission 
in  Microcavity  Senuconductor  Lasers,"  IEEE  lEDM  Tec.  Dig.,  Dec.  8-11, 1991, 
Washingttm. 

4.  C  Lei  and  D.G.  Deppe,  "Optical  Gain  Enhancement  in  Fabry-Perot  Microcavi^r 
Lasers,"  J.  Appl.  Phys.  71, 2530-2535  (15  March,  1992). 

5.  D.G.  Deppe,  DX,.  Huffaker,  TJ.  Rogers,  C  Lei,  Z.  Huang,  and  B.G.  Streetman, 
"First-Order  Phase  Transititm  in  a  Laser  Threshold,"  AppL  Phys.  Lett  60, 3081- 
3083  (22  June,  1992). 

6.  DX.  Huffaker,  D.G.  Deppe,  C  Lei,  T.J.  Rogers,  B.G.  Streetman,  S.C  Smith, 
and  RJ3.  Burnham,  "Cascadability  of  an  Opti^y  Latching  Vertical-Cavity  Surface- 
Emitting  Laser,"  Hectron.  Lett  28, 734-736  (9  April,  19^). 

7.  DX.  Huffaker,  C.  Lei,  D.G.  Deppe,  CJ.  Pinzone,  J.G.  Neff,  and  R.D.  Dupuis, 
"Gcmtrdled  Spontaneous  Emisaon  in  Room  Tenqperature  Senucmiductor 
Microcavities,"  AppL  I%ys.  Lett  60, 3203-3205  QS  June,  1992). 

8.  DX.  Huffaker,  Z.  Huang,  C  Lei,  D.G.  Deppe,  CJ.  Pinzone,  J.G.  Neff,  and 
RD.Diqiuis,  "Effect  on  Spontaneous  Emisfflon  of  (Quantum  Well  Hacement  in  a 
Short  Verticid  Qwity,"  AppL  Phys.  Lett  61, 877-879  (24  August,  1992). 

9.  C.  Lei,  CJ.  Pinzone,  Z.  Huang,  D.L.  Huffaker,  D.G.  Deppe,  J.G.  Neff,  and 
R  J).  Dupuis,  "Room  Temperature  Spontaneous  Emission  in  5Mm  Long  AlGaAs 
Vertical  Cavities,"  J.  AppL  Phys.  73, 3153-3157  (1  April,  1993). 

10.  Z.  Huang,  C  Ld,  D.G.  Deppe,  C.C  Lin,  CJ.  Pinzone,  and  RJ).  Diqiuis, 
"Spectral  and  lutensi^  DqMDdence  on  Dipole  Localization  in  Fabry-Poxx  Gravities’’, 
AppL  Phys.  Lett  61, 2961-2963  (21  December,  1992). 

11.  C.  Lei,  D.G.  Deppe,  Z.  Huang,  and  C.C.  Lin,  "Emission  Characteristics  Rom 
Dipotei  with  Fixed  Positions  m  Fabry-Perot  ^vities,"  IEEE  J.  (Juant  Electron. 

29, 1383-1386  (May  1993). 

12.  C.  Lei,  Z.  Huang,  D.G.  Deppe,  CJ.  Pinzone,  and  RJ).  Diq)uis,  "Spectral 
Interfiemice  Eff^  in  the  Light  Emission  fimn  Fabry-Perot  Cavities,"  J.  Appl. 
Phys.  73, 2700-2704  (15  March,  1993). 

13.  Z.  Huang,  CC  Lin,  and  D.G.  Deppe,  "Spewtaneous  Lifetime  and  Quantum 
EfBc^Ky  Fmn  Li^  Emitting  Diodes  Affected  by  a  Close  Metal  Mirror,"  IEEE  J. 
(^uant  ElectrcHL  29, 2940-2949  (December  1993). 


14.  D.G.  Dcme,  DX.  Hufifater,  and  C  Ld,  Tafoimance  Issues  Related  to  Dielectric 
Stack  Reoec^ocs  in  Vettical>Cavi^  Surface'Emitting  Lasers,"  SPIE  Proceedings 

on  Ihteniatkmal  Symposia  on  Optoelectronics  Packing  and  Interconnects,  January 
20-21, 1993,  Los  Angdes,  Vol.  1831,  pp.  128-137. 

15.  D.G.  Dqipe,  C.  Lei,  DX.  Huffaker,  and  CC.  Lin,  "Spontaneous  Emission  From 
Planar  Mrcrostructures,"  J.  Mod.  Optics.  41, 325-344  (February  1994). 

16.  C.C.  Lin,  D.G.  Drape,  and  C.  Lei,  "Rde  of  Waveguide  light  Emission  in  Planar 
Idicrocavities,"  lEf^  J.  (^uant  Ek»tion.  30,  (October,  1994)  to  be  published. 

17.  C.C  Lin  and  D.G.  Deppe,  "Calculation  of  Lifetime  Dependence  on  Ovity  Length  of 
Er3+  in  Half-Wave  and  Full-Wave  Microcavides,"  J.  Appl.  Phys.  75, 46^-4672  (1 
May,  1994). 

18.  DX.  Huffaker,  CC  Lin,  D.G.  Dq^,  T.J.  Roge^  and  B.G.  Streetman,  "Mode 
Dependence  (xi  Minor  Contrast  in  Fabiy-Peiot  j^crocavi^  Lasers,"  IEEE 
Photon.  Tech.  Lett  6,  135-138  (February  1994). 

19.  C.C.  Hansing,  RY.  Deng,  D.L.  Huffaker,  D.G.  Dqq>e,  B.G.  Streetman,  and  J. 
Sansdiy,  "Low-Threshold  Continuous-Wave  Surface  Emitdng  Lasers  widi  Etched 
Void  Confinratient,"  IEEE  Photon.  Tech.  Lett  6, 320-322  (March  1994). 

20.  DX.  Huffaker,  D.G.  Deppe,  K.  Kumar,  and  T.J.  Rogers,  "Nadve-Oxide  Dddned 
Buried  Ring  Ctetact  for  Low  Threshold  Vertical-Cavity  Lasers,"  Appl.  Phys.  Lett 
65,  (July  1994)  to  be  published. 

CONFERENCE  PRESEOTATIONS 


1 .  D.G.  Deppe,  DX.  Huffaker,  C.  Lei,  WJ>.  Lee,  TJ.  Rogers,  J.C  Canq)bell,  and 
B.G.  Streetman,  "Bistability  and  Optical  Switching  in  an  AlGaAs-GaAs-IoGaAs 
Vertical-Cavity  Sutftce-Emitting  Laser,"  49tfa  Annual  Device  Researdi  Craference, 
June  17-19, 1991,  Boulder,  pq>er  inA4. 

2.  (Invited)  D.G.  Deppe  and  C  Lei,  "Electrodynamics  and  Cratrolled  Spontaneous 
Emisaimi  in  Miciocsvity  Semicoaducta-La»rs,"  International  Eectron  Devices 
Meeting,  Dec.  8-11, 1!91,  Washington,  D.C 

3.  D.G.  Dqmc,  DX.  Huffaker,  C.  Lei,  CJ.  Pinzone,  J.G.  Neff,  and  R.D.  Dupuis, 
"Controls  Spontaneous  Einission  in  Room  Tetzqwrature  Microcavides," 
WOCSEMAD,  Fbb.  17-19, 1992,  San  Antonio. 

4.  (Invited)  D.G.  Dq>pe,  C  Lei,  DX.  Hufbdcer,  Z.  Huang,  C.C.  Lin,  "Spontaneous 
Emission  in  SemicoDtbctor  Microcavides",  Rank  Prize  Fund  Minisyinposium, 
Septra^  21-24, 1992,  Grasmere,  En^Jand. 

5 .  C.  Lei,  T J.  Refers,  D.G.  Dqrpe,  B.G.  Streetman,  "Low-Threshold- Voltage  CW 
Vertical-Cavity  SuriSK»-Emitting  Lasers  Based  on  Low  Growth  Temperature  Current 
Blocking  Layer”  1EEE/LEOS  Annual  Meeting,  November  15-20, 1992,  Boston, 
P^-Dradline  Pqrer  F^. 


6.  C.  Lei,  D.G.  Dqipe,  Z.  Huang,  CC.  Lin,  CJ.  Pinzone,  and  R.D.  Dupuis, 
"Spontaneous  Emission  Qiaracteiistics  Dipoles  with  Hxed  Positions  in  Fabry- 
Pmt  Cavit^"  15th  International  Conference  on  Lasers  &  Applications,  Dec.  7- 
11,  1992,  Houston. 

7.  (Invited)  D.G.  Dqipe,  "Perfonnance  Issues  Related  to  Dielectric  Stack  Reflectcns 
for  Vertical-Cavity  Surface-Emitting  Lasers",  SPIE  International  Synqiosia  on 
Optoelectronic  Packaging  and  Ihtcrcoimects,  January  16-23, 1993,  Los  Angeles, 
Paper  1853. 

8.  DX.  Huffaker,  D.G.  Deppe,  CJ.  Pinzone,  TJ.  Rogers,  B.G.  Streetman,  and 
RD.  Dupuis,  "Threshold  Dqpendence  on  Cavity  Length  and  Mirror  Reflectivity  in 
Fabry-Perot  Microcavity  Semiconductor  Lasers  with  High  Contrast  Minors'', 
Quantum  Optoelectronics  Tqncal  Meeting,  March  17-19, 1993,  Palm  Springs,  Paper 
(5WA4. 

9 .  (Invited)  D.G.  D^pe,  "Electrodynamics  in  Semiconducter  Microcavi^  Lasers", 
Woiicsl^  oa  Optical  Properties  of  Mesoscopic  Semiconductor  Structures,  April  20- 
23,  1993,  Snowbird,  Utah. 

10.  C.C  Hansing,  H.  Deng,  J.M.  Reifsnider,  D.G.  Deppe,  and  B.G.  Streetman,  "MBE 
Re^wtfa  O^  a  Sdecti^y  Undercut  GaAs  Masking  Layer,"  Materials  Research 
Society  Spring  Meeting,  19^,  San  Fraiteisco. 

11.  D.G.  Dqrpe,  DX.  Hufifldcer,  C.C.  lin,  and  TJ.  Rogers,  "Nearly  Planar  Low 
Threshold  Vbrtical-Cavity  Surface-Emitting  Lasers  Using  lEgh  Contrast  Minors  and 
Native  Oxide,"  Confetence  on  Lasers  and  Electro-Optics,  May  8-13, 1994, 
Ananheim,  late  paper. 

12.  DXk  Huffaker,  D.G.  Dq^  K.  Kumar,  and  TJ.  Rogers,  "Native  Oxide  Defined 
Ring  Contact  for  die  Veiiical-Cavi^  Surfoce-Emitting  La^,  S2nd  Device  Research 
Conference,  June  20-22, 1994,  Boulder. 


. . . "  ■  . . . .  '  ' 

.  Nilivt-oxkit  defined  ring  contact  for  low  threshold  vertical-cavity  lasers 

D.  L  hMMwr.  D.  G.  Deppe.  and  K.  Kumar 

Mkmtkctnmicj  JtcMveA  Cnucr.  DtpamuHt  afEkeoictd  and  Computtr  Eitgineeruig,  Tkt  Umvenity  cf 
Turns  at  Asadm.  Ata^  Turn  78712-1084 

T.  J.  Rogars 

Menin  Marima  LabontorissSynaus,  Syraaat,  Nsw  York  13121 
(Recdved  4  Febtuaiy  1994;  accepted  for  publication  1  Airnl  1994} 

Data  are  presented  charactnizing  a  new  process  for  ftbricadon  of  vettical-cavity  surfKe-emittiog 
lasers  bas^  on  the  selective  conversion  of  high  A1  composition  epitaxial  AlGaAs  to  a  suUe  native 
oxkie  using  “wet  oxidation.”  The  native  oxide  is  used  to  form  a  ring  omtact  to  the  laser  active 
region.  The  resulting  active  regions  have  dimensions  of  8, 4^  and  2  /m.  The  lowest  threshold 
laser  is  achieved  with  the  8-|im  active  region,  with  a  minimum  threshold  current  of  225-fiA. 
contifflKMis  wave  at  room  temperature. 


It  is  well  apfueciated  that  high  A1  composition  single¬ 
crystal  AlGaAs  is  chemically  unstable  in  the  typical  room- 
temperature  atmosidwric  environment,  and  “hydrelyzes” 
into  various  oxides  in  times  ranging  from  minutes  to  months 
or  yean.*  This  diemkal  instability  can  be  deleterious  to  the 
performance  of  semiconductor  devices  which  use  the  Al¬ 
GaAs  maieriaL  On  the  other  hand,  Hblonyak  and  a  variety  of 
co-woricen  have  developed  a  process  whereby  at  elevated 
tenqieratures  die  chemical  >instdtility  of  high  AI  cmnposition 
AlGaAs  leaib  to  the  conversi<m  (rf  this  material  to  stable 
“native”  oxides  of  A^O,  An  advantage  of  the  oxidation 
k  process  for  m-V  devkeg^  that  the  high  Al  composition 
^  AKkkAs  may  be  selectiv^fioxidized  as  cmnpared  to  lower 
Al  compoaitto  AlGaAs,  eqtedally  as  compared  to  GaAs. 
Tfab  sdectivUy  makes  it  possible  to  “bury”  the  oxidized 
hqrers,  using  lateral  diffumon,  below  ring^e-oystal  GaAs 
l^ers.^^  ^  use  diis  characteristic  to  form  a  ring  comaa  to 
a  vertkal-cavity  suftce-emitting  laser  (VCSEL). 

One  of  dm  attractive  fnttures  about  die  VCSEL  is  its 
potential  fat  low  lasing  threalxdd.  This  potential  stems  di¬ 
rectly  ftma  die  ability  to  minimize  die  active  vtdume  using 
the  short,  km-hHS  venkal  cavity.  The  potential  for  low 
dneshitid  cunent,  along  with  sin^  special  mode  lasing, 
good  beam  characteiistics,  and  smfrtce  normal  emission, 
makes  die  VCSEL  an  impoitant  device  to  consider  for  inte¬ 
grated  qiiodectronic  applications.  Eariier  work  has  already 
been  reported  in  which  submilliampere  threshold  currents 
were  achieved,^^  and  more  recoitly  room-tenqierBmre  con¬ 
tinuous  wave  (cw)  thresholds  as  low  as  470  /uA  have  been 
reported.'  In  this  letter  we  rqiort  even  lower  threshold  cur¬ 
rents  for  devices  which  utilize  the  native-oxide  process,  with 
a  ntinimum  dnesbold  cunent  of  22S  ;tA  demonstrated  for  an 
8-/an  square  device. 

Figure  1  shows  a  schematic  cross  section  rqnesenting 
die  qiitaxial  layers  of  the  VCSEL  after  oxidation.  The  epi¬ 
taxial  stractnre  is  grown  on  a  GaAs  substrate  by  molecular 
beam  epitaxy  Q4BE)  and  consists  of  a  0J-/an  n-type  GaAs 
buffer  layer  folhni^  by  a  26  pair,  n-type  AlAs/GaAs 
^Miter-wave  distribaied  Bragg  reflects,  an  active  region 
conaistiBg  of  t^  60-A  InasCaojAs  quantum  weds  sepa- 
rased  by  100-A  GaAs  barriers  in  a  one-wavdet^th-thick 
GaAs  spacer  layer,  and  followed  by  one  pair  of  quarter- 


wavelength  layers  of  p-type  AlAs/GaAs.  A  seven-period 
graded  superlattice  is  used  on  both  sides  of  the  AlAs  layers 
immediately  surrounding  the  active  region,  which  is  effective 
in  reducing  the  electrical  series  resistance. 

After  the  MBE  growth  of  the  heterostracture,  the  lasers 
are  fabricated  by  first  defining  30-  or  60^im-diam  photore¬ 
sist  dots  on  the  p-type  GaAs  surface.*|te  exposed  p-type 
GaAs  layer  is  t^  selectively  removed  to  form  shallow 
GaAs  mesas  using  a  succinic  add  solution  maintained  at  a 
temperature  of  SO  ‘Xi:  with  the  pH  adjusted  to  4J3.'  After 
removing  the  pbotmesist  from  die  GaAs  mesas,  the  exposed 
AlAs  layer  is  oxidized  in  a  furnace  set  at  47S  ^C.  The  oxi- 
datkm  time  is  ~3  min.  As  described  in  the  initial  papers  on 
the  hydndyzatkm  process,'*'  the  furnace  is  supplied  with  a 
flow  of  Ni  bubbM  through  de-ionized  water  heated  to  a 
tenqierature  of  9S  The  oxidation  of  the  AlAs  layer  pro¬ 
ceed  laterally  beneath  the  GaAs  mesas  due  to  dkfiision. 
This  buried  oxide  layer  then  defines  a  current  padi  for  carrier 
injection  through  the  remaining  intact  p-type  AlAs  into  the 
laser  active  r^ua  (see  Hg.  1). 

Figure  2  shows  a  scanning  electron  microscope  photo- 
grqih  lookmg  down  at  die  ttqi  surfue  of  the  epitaxial  struc¬ 
ture  after  oxidation.  The  buried  oxide  shown  in  Fig.  2  forms 
a  4  ^X4  /m  square  region  whkb  serves  as  the  current 
injection  path.  The  square  pattern  formed  by  oxidation  is 
indicative  that  die  process  hu  a  crystallographic  preference. 
Firom  our  studies  of  other  hetetosttacmres  we  have  found 
diat  the  resulting  square  geomeoy  due  to  the  oxidation  is 
direcdy  attributable  to  the  graded  superlattice  layers  grown 


FIG.  1.  SchmiUr  craa  secttai  (aot  to  scale)  of  the  batieO  ring  contact 
VCSEL  suacfe  mowing  the  role  of  the  latent  oaidatlon  of  the  AlAs  an- 
denMdl  the  GaAs  nese  in  deSniag  the  device  active  legion. 
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FIG.  2.  Scanning  dec&on  miaoKOfie  photograph  of  a  native-oxide  defined 
X-lim  sqnafe  AlAs  legkia  buried  bennih  a  30-/im-dia]n  GaAx  mesa.  The 
oxide  layer  sanoniiding  and  beneath  die  GaAa  mesa  provides  device  isola¬ 
tion  for  cunent  injectioa. 

during  MBE  between  the  GaAs  and  AlAs.  A  dicular  dot 
shape  results  even  for  sufamicron  dunensions  for  the  lateral 
oxidation  of  very  similar  betetostnictuies  in  which  the 
graded  interfaces  are  absent. 

The  30-^ffl  GaAs  mesas  are  defined  with  S00-/im  spac- 
ings,  and  electrical  isolatitm  between  the  laser  devices  is  also 
provided  by  the  exposed  A^O^  layer.  Electrical  contact  is 
made  to  the  p-type  GaAs  surfi^  and  exposed  A^O,  using 
Crf Au  metaUization.  The  active  areas  of  the  laser  are  ex¬ 
posed  using  a  lift-off  process  to  remove  metallization,  form¬ 
ing  a  10-/<m-diam  t^tening  above  the  active  regtonu  The  lift¬ 
ed  leaves  100 /imXdOO /on  rectangular  ctmtact  pads  around 
each  device  aligned  on  the  500  pmX500  fan  grid.  The  top 
reflectors,which  are  an  additional  five  pairs  of  quarter-wave 
ZnSe/CaF2  layers,  are  then  deposited  on  the  p  side  using 
electron-beam  evaporation.  The  ZnSe/CaF2  materials  have 
been  shown  to  form  high  reflectivity,  low-loss  mirrors,'*’’^’ 
and  possess  advantages  over  the  lower  contrast  AlAs/GaAs 
mirrors.  Two  advantages  are  the  flexibility  of  probe  wave¬ 


Cumnt(mA) 


FIG.  4.  Light  vs  emeu  curve  measured  cw  u  room  temperanue  for  a  A-im 
square  VCSEL.  The  miet  shows  measured  fiir-field  radiatioii  pattems  at 
cunent  levels  of  (a)  400  /lA  (dashed  curve)  and  (b)  ZO  mA  (solid  curve). 

lengths  in  optical  addressing  schemes,^^^^  and  the  reduction 
of  the  lateral  mode  for  small  active  volume  lasers.’** 

Figures  3  through  S  show  the  light  versus  currem  char¬ 
acteristics  and  far-field  radiation  panems  for  the  native-oxide 
defined  lasers  with  active  regions  of  8-,  4-,  and  2-;an 
squares,  respectively.  The  lowest  threshold  currents  are 
achieved  for  g-^  square  devices,  with  a  rninimnm  cw 
threshold  of  225  pA  along  with  an  output  power  of  0.46  mW 
at  six  times  threrfmld  (Fig.  3).  The  far-field  radiation  pattern 
remains  a  stable  single  lobe  up  to  two  times  threshold,  at 
which  point  side  lobes  appear.  Also  shown  in  Fig.  3  is  the 
far-field  radiatua  pattern  at  four -times  threshold  with  the 
skle  lobes  evident 

Des{Hte  the  low  threshold  cunent  adtiev^  m  the  8-pm 
device,  there  is  some  leakage  current  due  n>  ibe  oxidation 
process  which  degrades  the  p-n  junction.  We  speculate  that 
this  leakage  current  is  stress  induced  by  the  oxide,  and  the 
problem  becomes  m(»e  severe  for  smaller  device  sizes.  This 
leakage  current  is  at  least  partly  responsiUe  for  the  increased 
threshold  currents  measured  for  the  smaller  active  region;  of 
4  pm  (Fig.  4}  and  2  pm  (Hg.  5).  Comparison  of  the  current- 
voltage  characteristics  on  the  three  different  device  sizes 
show  increasing  forward  current  for  a  given  voltage  as  the 
device  diameter  is  decreased  (data  not  shown).  We  have 


Currant  (mA)  Cuiram  (mA) 


FKZ  3.  Light  vs  emeat  carve  meaimed  cw  at  room  temperaave  for  aa  FIG.  3.  Light  vs  camat  curve  measured  cw  at  room  tempetaaire  for  a  2-^ 
S-pm  sqaass  VCSEL.  The  bmet  shows  aieasaed  Ikr-field  radtattfon  panetas  square  VCSEL.  The  inset  shows  measured  for-fleld  radiadoa  panems  at 

mcaneatlsv^  of  (a)  280  pA  (dashed  carve)  and  (b)  1.0  mA  (solid  carve).  carreat  levels  of  (a)  3.0  mA  (dashed  carve)  and  (b)  10  mA  (solid  carve). 
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found  that  the  leakage  cunent  through  the  oxide  is  negli- 
giUe,  and  again  speculate  that  the  leakage  current  arises  due 
to  minority  carrier  recomtnnation  at  the  oxide-semiconductor 
interfoces.  If  this  leakage  current  is  controlled,  we  expect 
threshold  currents  to  scale  with  decreasing  active  area  at 
least  to  the  A~fjaa  dimension.  An  estimate  of  the  lasing  mode 
diameter  from  the  threshold  £ar-field  radiadon  patterns  sug¬ 
gests  that  the  lasing  mode  is  on  the  order  of  ~3-4  pm 
diameter  in  both  the  8-  and  A-pm  devices,  and  therefore  is 
well  confined.  In  the  smaller  area  devices  the  lasing  mode  is 
more  stable,  and  remains  single  lobed  up  to  frwr  times 
threshold  for  the  4-/un  square,  at  which  point  side  lobes 
^qiear  (see  Fig.  4).  The  radiadon  pattern  of  the  2-pm  square 
device.  Fig.  S,  shows  an  iixseased  angular  width  due  to  the 
reduced  acdve  region,  aixi  remains  single  lobed  over  the 
range  of  measurement 

An  inherent  problem  in  VCSEL  designs  in  which  the 
hole  current  must  pass  through  p-type  semiconductor  Bragg 
reflectors  is  high  electrical  series  resistance.  While  there  has 
been  progress  in  reducing  the  mirror  resistance  through 
graded  heterojuncdons  and  localized  doping,  as  the  device 
dimensions  continue  to  scale  smaller  this  resistance  problem 
will  bec<»ne  more  severe.  An  advantage  of  the  burred  native 
oxide  in  forming  the  ring  contact  to  the  VCSEL  is  that  the 
hole  currem  must  pass  through  (mly  one  p-type  heterojunc- 
don  befrve  injection  into  the  acdve  region.  The  8-;im  nadve- 
oxide  defiired  laser,  which  shows  little  leakage  current,  has  a 
threshold  voltage  drop  of  1.9  V,  with  a  voltage  drop  of  2.9  V 
at  four  times  duresbokL  . 

In  summary,  we  have  isesenied  a  new  process  for  the 
fidnicadon  of  VCSELs  based  on  a  nadve-oxide  defirred  ring 
omtact  Using  this  process  we  have  demonstrated  a  low  cw 
room-temperanire  lasing  threshold  of  22S  pA.  Since  the 
nadve-oxide  process  is  ireariy  planar,  provide  good  electri¬ 
cal  isolation,  and  does  not  require  cmnplex  epitaxial  re¬ 
growth,  it  should  be  useful  for  integrated  optoelectronic  cir¬ 


cuits  incorporating  the  VCSEL  as  well  as  for  tire  discrete 
laser  diodes  demonstrated  here. 
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